Bimodal porous alumina was prepared from the solution with aluminum chloride and 1,2-propylene oxide by adding propylene glycol oligomers (PPG). Because of hydrophobic nature of PPG, the addition of PPG induces phase separation during solgel reaction, and macroporous morphologies are formed by fixing transitional structure of phase separation. Since ethanol works as a co-solvent, the macropore size of the obtained gel can be increased by decreasing ethanol content. Change in the concentration of other constituents such as PPG has also an effect to control morphologies through changing the timing of phase separation and solgel transition.
Introduction
Porous alumina has widely been used as a catalyst, a catalyst support, an adsorbent, and so on because of its high surface area.
1)4) Although some materials such as silica 5) and activated carbon 6) have higher surface area than alumina, alumina is much superior to these materials in thermal and chemical stability. 7 ), 8) Porous alumina was usually prepared by precipitation method where aluminum hydroxides or aluminum oxo-hydroxides were precipitated by neutralization of aluminum salt solution with base such as ammonia solution. 4) Hereinafter we call these two compounds aluminum hydroxides without distinction. Solgel method using aluminum alkoxide was also investigated to prepare alumina ceramics and alumina gels. 9),10) However, high reactivity of aluminum alkoxide makes it difficult to control solgel reaction. 4) In addition, most of the porous alumina thus prepared has only mesopores.
Gash et al. reported the preparation of alumina gel from aluminum chloride hexahydrate (AlCl 3 .6H 2 O) in the presence of propylene oxide (PO).
11), 12) In the solution, PO works as a proton scavenger, that is PO reacts with HCl for decreasing proton concentration. 13) Therefore, the solution pH increases uniformly with the consumption of proton, and the solution loses its mobility after the pH increases higher enough for gelation. Because of controlled solgel transition in the AlCl 3 PO system, monolithic gel could be obtained easily. 11) Tokudome et al. reported the preparation of alumina with both macropores and mesopores by inducing phase separation concurrently with solgel transition of aluminum hydroxides in the AlCl 3 PO system. 14) The material is obtained by freezing transitional structure of phase separation by gelation, and has typical bimodal porous structures with hierarchically arranged macropores and mesopores. A material with hierarchical bimodal pore structures is quite important in separation and catalysis. For example, Nakanishi et al. reported the preparation of monolithic columns made of bimodal porous silica for high performance liquid chromatography and showed their excellent performance in the separation. 15) We prepared bimodal porous silica-alumina and showed that the bimodal porous structure is effective in solid catalytic reaction with high reaction rate.
16) The bimodal porous alumina is also expected to be used in wide practical applications, such as a catalyst support in steam-reforming of methane where the reaction rate is quite high because of high reaction temperature. 17) In the method reported by Tokudome et al., however, they used poly(ethylene oxide) (PEO) with a molecular weight of 1 million (PEO1M) for inducing phase separation. 14) Because of high viscosity of a solution with PEO1M, it takes long time for homogeneous dissolution of PEO1M. Thus, the use of PEO1M is considered to be a drawback in the practical applications.
In this work, we focused on the poly(propylene glycol) (PPG). Although PPG has low water solubility, ethanol was used in the solgel process of AlCl 3 PO system. Because PPG is liquid substance and dissolves in ethanol well, we can expect that PPG also works as a phase separation inducer in the solgel process. PPG use has a large advantage in the processing because only a several seconds are required for homogeneous mixing. In this work, we report the preparation of porous alumina with both macropores and mesopores by using a small molecular weight PPG.
Experimental
In the preparation of porous alumina, AlCl 3 .6H 2 O was used as an alumina source. PO was used as a proton scavenger. PPG with an average molecular weight of 400, which is an oligomer of propylene glycol with 6 or 7 units in average, was used for inducing phase separation during solgel reaction. Ethanol was used as a solvent. All the chemicals were purchased from Wako Pure Chemical Industries, Ltd., and were used without further purification.
Firstly, AlCl 3 .6H 2 O was dissolved in a mixed solution of ethanol and water. After the dissolution of the aluminum salt, PPG and PO were added in order. After the solution had become homogeneous, the solution was kept at 40°C for 1 day in a closed glass container for gelation. The obtained wet gel was dried at 50°C for ca. 1 week to be a dried gel. The dried gel was heated at 600°C for 2 h with heating rate of 100°C/h. The starting composition is AlCl 3 .6H 2 O:PO:water:ethanol:PPG = 4.32:3.11:a:b:c in weight ratio. We fixed the ratio of AlCl 3 .6H 2 O:PO to be 1:3 in molar ratio. Gels were prepared by changing the composition of a, b, and c, and gelation behaviors and pore structures of obtained gels were observed.
Scanning electron microscope (SEM, SM200, TOPCON) was used for observation of fractured surface of dried gels. Hg porosimetry (poremaster33P, Quantchrome) and nitrogen adsorption at ¹196°C (Autosorb1MP, Quantachrome) were adopted for evaluation of pore structures for heated samples. Prior to the nitrogen adsorption measurement, each sample was pretreated at 300°C for 1 h under vacuum. The BET and the DollimoreHeal methods were used for analyzing isotherms. Thermal gravimetrydifferential thermal analysis (TGDTA; EXSTAR TG/DTA6200, Seiko Instruments Inc.) was performed for a dried gel to observe evolution of samples in heating. The X-ray diffraction (XRD) patterns were recorded on an XRD7000 (Shimadzu) using Cu K ¡ radiation ( = 0.154 nm, with 40 kV, 30 mA). Proton nuclear magnetic resonance ( 1 H NMR) spectra were recorded on AVANCE III 500 (Bruker) for determining the products of PO reaction.
Results
Figures 1 and 2 show SEM images of a fractured surface of the dried gels prepared. Hereinafter we used the word "gel" for "dried gel". At appropriate solution compositions, it is recognized that macroporous materials are formed. The changes in the morphology of the materials with ethanol and PPG contents are shown in Figs. 1 and 2, respectively. When the ethanol content is higher enough, homogeneous transparent alumina gels are formed, and no macroporous structure is found on the fractured surface of these gels by SEM observation [ Fig. 1(A) ]. With the decrease in the ethanol content, gels become white opaque, and macroporous morphology is formed [Figs. 1(B)1(F)]. We define the domain size as an average of the sum of skeleton diameter and adjoining pores diameter. The domain size increases with the decrease in ethanol content. At the low ethanol content, inorganic phase precipitated before gelation. Change in the PPG content has an opposite effect (Fig. 2) . The domain size increases with the increase in the PPG content. The effect of the change in the water content on domain size is relatively smaller than that of the changes in PPG and ethanol contents (photos are not shown). On the other hand, most of the samples have low connectivity in the gel skeleton. When the domain size becomes larger, particularly, morphology turns to the aggregates of spherical particles. Samples with these morphologies are mechanically weak, and monolith samples are easily broken even by a touch with a spatula. Some samples with relatively small domain size have high stiffness. In the pore size distribution in micrometer range for these stiff samples measured by the Hg porosimetry (Fig. 3) , there is a sharp peak at the size almost the same as that of macropores observed by the SEM for the each sample. It is ensured that macropore size can be controlled by the change in the solution composition for the system with PPG.
Here, it should be noted that some samples prepared with no PPG also have macropores as shown in Fig. 2(A) . In a solution with PO, ring-opening reaction of epoxy-ring in PO proceeds under acidic conditions. 13) Firstly, proton attacks on bridging oxygen.
ð1Þ
Then, PO is hydrolyzed into 1,2-propanediol (PDO) when chloride ion is absent. Under the presence of chloride ion, on the other hand, addition of HCl to PO resulting in chloropropanol (CPO) takes precedence over the hydrolysis.
ð3Þ
Because aqua complex of Al is a weak acid, HCl addition to PO is considered to proceed preferentially in the AlCl 3 PO system. 13) In the solution, however, other reaction such as hydrolysis and polymerization forming PDO and PPG, respectively, may occur. If polymerization of PO occurs, not only the PPG added but also PPG produced from PO will affect the morphology of the gels. In order to ensure the reaction products of PO during solgel reaction, we measured 1 H NMR spectra. Because the gelation occurred quickly by addition of PO, we prepared two hypothetical reacting solution: one contains water, ethanol, PO and HNO 3 , and the other contains water, ethanol, PO, HCl and NaCl. We have to prepare the two hypothetical reacting solutions because we cannot obtain a reagent of CPO probably because of its unstability. Figure 4 shows 1 H NMR spectra of the hypothetical reacting solutions together with those of reference samples with PDO, and with PPG. Most of the resonance peaks became broad or multiplet due to the variation in the structure, steric conformation and/or environment. Peaks at ca. 1.5 ppm are assigned to protons in methyl groups of ethanol, PO, PDO, CPO and PPG. Peaks at >4.5 ppm are assigned to protons in OH of water and alcohols. A multiplet peak at 3.9 ppm is assigned to protons in methylene group in ethanol, and three peaks between 2.5 and 3.5 ppm are assigned to protons bonding to carbons in epoxy ring.
In the spectrum (a), multiplet peaks at 3.73 and 4.11 ppm are ascribed to PDO. In addition to the two peaks, three other peaks are observed at 4.20, 3.753.80 and 3.64 ppm in (b) with PPG. The presence of these 5 peaks can be an evidence of the formation of PPG. It should be noted that the intensity ratio of the 5 peaks would vary depending on the polymerization site, head to head, tail to tail, or head to tail. The spectra (c) and (d) are hypothetical reacting solution with water, ethanol, PO, HCl and NaCl, where sample (c) contains a half amount of PO compared to (d). Because no peak is observed at 4.11 ppm ascribed to PDO and PPG in (c), it is considered only CPO is formed from PO when the PO content is small. The peaks at 3.79, 4.26 and 4.38 ppm can be ascribed to CPO, and the presence of peaks at 4.26 and 4.38 ppm would be an evidence of the formation of CPO. The spectrum (e) for solution with water, ethanol, PO and HNO 3 shows five peaks ascribed to PPG. Because the peaks at 3.73 and 4.11 ppm ascribed to PDO are large, the reaction products of PO in the solution without chloride ion are considered to be PDO and PPG. In the spectrum (d) with normal PO content, we can see all these peaks. Thus, we can consider that the reaction products of PO in the solution with water, ethanol, PO, HCl and NaCl are mixture of PDO, CPO and PPG. In addition, substantial amount of PO is found to remain in the solution. Although it is difficult to directly measure the compositions in reacting solution with Al salts because of fast gelation, reactions similar to those occurring in the hypothetical solution are considered to take place in the AlCl 3 PO system, too. Figure 5 shows profiles of TG and DTA for a dried sample. Up to 150°C, endothermic weight decrease occurs followed by exothermic weight decrease between 150 and 600°C. The endothermic weight decrease at <150°C is attributed to the vaporization of ethanol, water and products of PO reaction such as PDO and CPO. The exothermic weight decrease can be attributed to the oxidation of PPG. Dehydration from aluminum hydroxide to alumina is not clearly observed in TGDTA probably because it overlaps with the oxidation of PPG. Figure 6 shows a N 2 adsorption isotherm for a heated sample together with pore size distribution in nanometer range. The macroporous alumina also has mesopores with the size of ca. 5 10 nm and high specific surface area of 243 m 2 g
¹1
. This mesopore structure is similar to that reported by Tokudome et al. for alumina prepared by using PEO.
14) Figure 7 shows change in the XRD patterns with heating temperature. The obtained alumina gel is amorphous up to 700°C. The gel transforms to £-alumina over 700°C. Over 1100°C, the gel transforms again to ¡-alumina. This crystallization behavior is also similar to that reported previously for alumina prepared by using PEO. 
Discussion
In this work, we assured that alumina with macroporous morphology is obtained in the solgel reaction of AlCl 3 .6H 2 O PO system in the presence of PPG with a small molecular weight of 400. The size of macroporous morphologies decreases with the increase in the ethanol content. In addition, precipitates formed at the composition with low ethanol content whereas transparent non-macroporous gel formed at the composition with high ethanol content. In the solution, ethanol is considered to be a cosolvent of polymerized aluminum hydroxides and PPG. These structural changes with the change in the solution composition suggest that the macroporous morphologies are formed by freezing transitional structures of spinodal decomposition. 15) In the AlCl 3 .6H 2 O solution, solution pH is ca. 2 because aqua complex of Al shows weak acidity. The solution pH gradually increases with the reaction of PO with HCl [Eq. (3)], which leads the condensation of aqua complex of Al. 4) Condensed Al complex forms aluminum hydroxides. Because pH of the solution increases gradually, the aluminum hydroxides become a gel with the progress of the condensation. Mixing entropy of the solution decreases during the condensation of aluminum hydroxides, and phase separation occurs when the mixing free energy becomes positive. 15) Usually, however, the solubility of solutes in a solgel solution is higher enough to avoiding the phase separation before gelation. Therefore, transparent gels are obtained. Tokudome et al. induced phase separation by adding high molecular weight PEO1M. 14) They discussed that decreased mixed entropy by the addition of PEO1M with high molecular weight effectively induces phase separation between condensed aluminum hydroxides and PEO during solgel reaction. In this work, we used PPG with low molecular weight instead of PEO. Although PEO is soluble both in ethanol and water, solubility of PPG in water is quite low. In the neutral surfactant Pluronic P123, a triblock copolymer with the structure of PEG-PPG-PEG, for example, PPG chain works as hydrophobic groups. It is considered that the addition of PPG in the solgel solution effectively increases mixing enthalpy higher enough for inducing phase separation during solgel reaction.
In order to clarify the phase relation, we drew a pseudo ternary phase diagram in Fig. 8 : one end is Al(OH) 3 , other end is the sum of PO and PPG, and the other one is the solvent which contains water and ethanol together with other inorganic groups from raw materials. Here, we summarize PO and PPG in a one end in the phase diagram because substantial amount of PPG is formed through the polymerization of PO as suggested by 1 H NMR. In fact, macroporous morphology is formed in a solution without PPG at appropriate compositions probably because the PPG formed by the condensation of PO and/or unreacted PO affects the phase stability. Homogeneous gels are obtained at the compositional region with high solvent amount, and phase separation tends to occur at that with low solvent amount. This means that the solvent work as a co-solvent between PPG and aluminum hydroxide polymers. We can draw a phase boundary line between single-phase region and two-phases region. Here it should be noted that this phase boundary is a temporary one, because it moves toward region with higher solvent amount with the prog- ress of the polymerization of aluminum hydroxides. Therefore, the phase boundary line drawn in Fig. 8 only represents the boundary when the solution becomes a gel. If the mixing free energy becomes positive after gelation, no phase separation takes place due to restricted mobility.
As shown in Figs. 1 and 2 , most of macroporous alumina gels show low connectivity in gel skeleton. In the spinodal decomposition, mutually connected concentration fluctuation appears in a homogeneous solution, and its amplitude and size increase with time.
15) During such growth of phase separation morphology, minor phase segregates when the volume ratio of separating two phases differs from 1:1. In this work, the mutually connected morphology is observed vicinity to the phase boundary (Fig. 8) . Because the domain size of the gel is smaller than that reported by Tokudome et al., 14) the gel morphology is obtained by fixing just after phase separation. As observed in silica-zirconia, 18 ), 19) macroporous skeleton does not have smooth surface when the time lag between phase separation and gelation is small because of restricted mobility by gelation. In addition, particle aggregate structures are observed in wide compositional range in Fig. 8 . This result suggests that the gels were prepared with the composition where the aluminum hydroxide became minor phase. If we can prepare the samples at the composition with low content of (PO and PPG), mutually connected morphology with large domain size would be obtained. It is difficult, however, to prepare the samples with such composition because of the restriction in the molar ratio of PO:Al. We cannot decrease the ratio largely from 3, because incomplete HCl consumption makes it difficult to the solution becoming gel.
We succeeded to prepare hierarchically arranged bimodal porous alumina by inducing phase separation in AlCl 3 PO system by adding PPG. The alumina has mesopore structure similar to those reported. The use of PPG has a large advantage in preparation because of convenient procedure without dissolving high-molecular weight organic polymer. However, further investigation will be necessary in order to improve gel skeleton connectivity and to clarify the phase relation in phase separation.
Conclusion
Bimodal porous alumina has been prepared in the AlCl 3 PO system with PPG by inducing phase separation during solgel reaction and by fixing transitional structure of phase separation by gelation. A small molecular weight PPG with 6 or 7 monomer units is enough for inducing phase separation during solgel reaction because of its hydrophobic characters. The morphologies of obtained alumina gel can be controlled by changing composition in the solution. 
